Isolation of cell-surface glycopeptides from bovine cerebral cortex that inhibit cell growth and protein synthesis in normal but not in transformed cells Glycopeptides were isolated from the cell surfaces of bovine cerebral cortex that could inhibit increase in cell numbers in tissue culture and cellular protein synthesis. This cell growth inhibition apparently affected all cells exposed, could completely block cell division in a reversible manner and synchronized BHK-2 1 cell cultures. Polyoma-virus-transformed BHK-2 1 cells were completely insensitive to the inhibitor. Fractionation of the inhibitor on a Bio-Gel P-100 column revealed two peaks of biologically active material eluting at apparent molecular weights of 45000 and 10000 with A Icm,280 1 .O. Affinity purification of the inhibitory fractions on a Ulex europaeus agglutinin I lectin column resulted in retention of the inhibitory activity, suggesting the inhibitory material was a glycopeptide. Subsequent elution with 0.10M-fucose resulted in a 244-fold increase in the specific biological activity over the starting material. Although purified from bovine brain, the material could inhibit baby-hamster kidney cell protein synthesis by 50% at a concentration of 5 x 106 molecules per target cell. Analysis by competitive radioimmunoassay or immunoadsorption indicated that the bovine inhibitor was structurally related to, although not necessarily identical with, a similar inhibitory glycopeptide preparation that we had previously isolated from mouse brain.
We have previously reported the isolation of inhibitors of cell growth and protein synthesis. which were released from the surfaces of mouse cerebral cortex by mild proteolysis (Kinders et al., 1979) . These inhibitors were identified as fucose-containing glycopeptides of apparent mol.wts. 30000 and 6000-10000 (Kinders et al., 1980a) . These mouse BCSG were found to inhibit protein synthesis in heterologous cell lines, being most effective against mouse primary cell cultures, somewhat less effective against baby-hamster kidney (BHK)-21 cells. and only slightly effective or completely ineffective against tumour or transformed-cell lines (Kinders et al.. 1979; Vol. 206 fucose and [13H luridine (Kinders et al.. 1979 . 1 Q)SOa).
Studies of viral protein synthesis in BHK-21 cells infected with vesicular stomatitis virus indicated that the inhibition was probably governed by mass action laws and not specific to a particular class of pr-oteinls.
In addition, the inhibition was independent of the activation of intracellular proteinases or ribonucleases (Kinders et al.. 1980b and radioimmunoassays indicated that mouse BCSG and mouse interferons are not closely related antigenically.
Difficulties in obtaining adequate quantities of the inhibitor from mice (400 brains yielded less than 20,ug of affinity-purified BCSG) for detailed structural and biological activity analyses required that we find an alternative source of inhibitor. We now report the purification of a similar inhibitor from bovine brain,
Materials and methods Preparation ofthe inhibitor
The cerebral hemispheres of freshly killed 2-year-old cattle were removed by dissection and placed in ice-cold DMEM containing 25 mM-Hepes buffer (pH 7.1). The cerebral cortex was removed, the grey matter separated from the white matter by hand dissection, slices of cortex were suspended in ice-cold DMEM/Hepes and weighed. The tissue was dispersed by pipetting, the resulting cell suspension was centrifuged at 1000 g for 1 min and the cell pellet was resuspended in HKM buffer (10mM-Hepes/ 120mM-KCI/5 mM-MgCI2, pH 7.1) containing 0.02 unit of proteinase/ml from Streptomyces griseus (Sigma Chemical Co., St. Louis, MO, U.S.A.). The brain cell suspensions (approx. 1 g/ 15 ml) were incubated at 370C for 15 min and the cells were then pelleted by centrifugation for 3min at 1200g. All remaining preparative steps and chloroform/ methanol extraction were as described for mouse BCSG (Kinders et al., 1980a) .
Purification ofthe inhibitor
The bovine inhibitor was purified by using the general method described for mouse BCSG (Kinders et al., 1980a) with the following modifications. Portions (100mg; 10mg/ml in HKM buffer) of chloroform/methanol-extracted material were fractionated on a Bio-Gel P-100 column (2.5cm x 10cm) that had been previously equilibrated with HKM buffer at 40C. The fractions (5 ml) were monitored by absorption at 280 and 223nm, and checked for activity in the protein synthesis and cell growth inhibition assays. Column calibration was carried out by using the method of Henn & Ackers (1969) .
Cell growth assays, protein synthesis inhibition assays and measurements of intracellular pools of [35Slmethionine or [3Hithymidine were performed as described previously (Kinders et al.. 1980a; . Preparation ofantisera to BCSG UEA-I-agarose affinity-purified inhibitor previously checked for biological activity in both ceV, growth and protein synthesis assays. was crosslinked to polyacrylamide beads (Bio-Gel P-30) by the method of Weston & Avrameas (1971) . P-30 beads in degassed 0.05M-PBS, pH6.9. were reacted with 5% glutaraldehyde. The screw-capped tubes were flushed with N2 and incubated for 24 h at 220C. After washing the activated beads in degassed PBS, pH7.7, 250,ug of UEA-I-purified inhibitor was then added to the beads in a final volume of 500,ul. The tubes were again flushed with N2 and incubated for 24h at 40C with constant shaking. After this reaction the beads were washed extensively with sterile PBS, pH7.7. To verify that the inhibitor was being coupled to the beads, a radioiodinated fraction of UEA-I-purified material was diluted (50: 1) with unlabelled inhibitor and reacted with glutaraldehyde-activated Bio-Gel P-30 beads under the same conditions. Radioactivity bound to the beads was measured after extensive washing and within 12h of reaction at 40C 50% of the radioactivity was found to be bound to the Bio-Gel beads. Balb/c mice (6 weeks old) were injected subcutaneously or intraperitoneally with 50% bead suspensions (v/v) in sterile PBS, pH 7.7. All animals were boosted at 2-week intervals with intraperitoneal injections of UEA-I-purified inhibitor (15,ug, determined by A m 280) in sterile PBS emulsified in 9 vol. of Freund's incomplete adjuvant. All animals were pre-bled from the tail, and post inoculation bleedings were taken from the tail 7 days after each booster injection. The collected blood was clotted and the serum recovered by centrifugation was then decomplemented at 56°C for 20min.
Polyacrylamide-gel electrophoresis
Samples to be electrophoresed were suspended in an equal volume of sample buffer containing 3M-urea, 2% SDS, 200 mM-dithiothreitol and 200 mM-fJ-mercaptoethanol and boiled for 5 min before application to the gels. Proteins were separated on 0.75 mm slab gels by using a discontinuous SDS-buffer system (Laemmli, 1970) . The gels contained a 4% acrylamide stacking layer and an 8% acrylamide separating layer for crude and Bio-Gel P-100-fractionated preparations. The samples were electrophoresed at 10mA/gel until the tracking dye front reached the bottom of the gel. Gels were removed and placed in a fixative solution containing 50% methanol, 10% acetic acid and 2-3% glutaraldehyde for Ih and then washed overnight in a solution containing 5% methanol with 7% acetic acid before silver staining.
Silver staining was performed essentially as described by Oakley et al. (1980) . Gels were placed in 2-3% glutaraldehyde for 30min and then washed in glass-distilled water for 3 h with frequent changes. Gels were placed in ammoniacal silver solution (32ml of 0.36% NaOH, 2.8ml of aq. NH3, 1.6g of AgNO3, 165ml of water) for 15min and then developed in a 0.005% citric acid and 0.019% formaldehyde solution until the stained bands appeared. The developing solution was then removed and the gels were washed in glass-distilled water for (Kinders et al., 1979) . When the chloroform/methanol- Fraction no. Fig. 2 . Elution profiles ofbovine BCSGfractionated on aBio-Gel P-lOOcolumn Chloroform/methanol-extracted material was resuspended in HKM buffer and filtered on a Bio-Gel P-I100 column as described in the Materials and methods section. Approx. 80mg was applied to the column and 5ml fractions were collected. Each fraction was monitored for A223 (O) and A 280 (.), and for protein synthesis inhibitory activity. The bars indicate those fractions that were found active in protein synthesis inhibition of BHK-21 cells. Abbreviations: HMW, high-molecular-weight fraction-, LMW, low-molecular-weight fraction. extracted preparation was fractionated by Bio-Gel P-100 columns the absorption patterns at A223 and A280 eluting from the column showed the preparation to be quite heterogeneous (Fig. 2) . Only two sets of fractions exhibited inhibitory activity towards BHK-21 cell protein synthesis (Fig. 2) . The highmolecular-weight fractions inhibited BHK-2 1 cell protein synthesis by 50% with only 4.0,ug and the Bio-Gel filtration step provided a purification of 9-10-fold (Fig. lb) . In subsequent experiments we showed that the measured inhibition of cellular protein synthesis was not the result of a decreased uptake of radiolabelled precursors (results not shown). We calculated the molecular weight of the high-molecular-weight inhibitory material to be approx. 45000 by using the method of Henn & Ackers (1969) as described by Kinders et al. (1980a) .
A portion of the inhibitor was dialysed against deionized water, freeze-dried to dryness and weighed to allow an estimation of an absorption coefficient to aid in further purification. The resulting A "ni.280 was 1 1.0, which is typical of many proteins and glycoproteins.
The low-molecular-weight inhibitory fractions eluted at an apparent molecular weight of 10000. Based on the specific biological activity against BHK-21 cell protein synthesis, the low-molecularweight material was purified only 4-fold over the chloroform/methanol-extracted preparation and further purification was not continued.
The general purification scheme used for the bovine high-molecular-weight inhibitor is shown in Fig. 3 . No inhibitor eluted from the column before fucose was added and only the fraction that eluted with 0.10 M-fucose had biological activity accompanied with a significant degree of purification (6.8-fold over the ultrafiltrated preparation). The purified material used in subsequent experiments showed a 244-fold increase in specific biological activity over the starting material (Table 1) . By using the average molecular weight calculated for the high-molecular-weight inhibitor, we calculated that inhibition of BHK-2 1 cell protein synthesis by 50% could be mediated by less than 5 x 106 molecules per target cell.
We next tested whether or not the purified material could inhibit cell growth of BHK-2 1 cells in monolayer culture. BHK-21 cells were plated into 16 mm-diameter wells and allowed to recover from transfer for 24 h. At that time. the inhibitor was added to the cell cultures at a final concentration of 1,ug/ml in complete medium containing 5% foetalcalf-serum. BHK-2 1 cell division was completely inhibited at this concentration and the inhibition was efficiently reversed by removal of the inhibitor and addition of fresh growth medium (Fig. 4b) . In addition, after recovery from inhibition and cell doubling, the cell population proceeded through the next cell cycle in synchrony, since a second division resulted in a 1.9-fold increase in cell number within a 7 h period (Fig. 4b ). In sharp contrast with the effect of the bovine brain inhibitor on BHK-2 1 cells, the inhibitory substance had no effect on the growth of pyBHK-2 1 cells in culture (Fig. 5) . The bovine inhibitory material also did not influence pyBHK-2 1 cell protein synthesis, even when added at ten times the concentration required to inhibit BHK-2 1 cell protein synthesis by 50% (results not shown).
The biological inhibitory properties of the bovine brain preparations were markedly similar to glycopeptides we previously isolated from mouse brain cerebral cortex cell surfaces (Kinders et al., 1979 (Kinders et al., . 1980a . Antisera raised to bovine or mouse brain preparations were used to examine possible structural similarities between these two inhibitors. In competitive radioimmunoassays, in which unlabelled bovine or mouse inhibitor was used to compete with radioiodinated mouse brain inhibitor, anti-mouse serum crossreacted very well with the bovine brain inhibitor; 60ng of bovine inhibitor could compete with 42% of the binding of mouse inhibitor (30 ng) to the anti-mouse antibody (Table 2 ). It is noteworthy that the uncompeted antibody-antigen reaction with homologous mouse preparations resulted in only 47% of the radiolabelled antigen being precipitated ( Table 2 ). The successful competition of radiolabelled and unlabelled mouse inhibitor demonstrated that the radioiodination itself did not alter the antigenicity of the mouse inhibitor. In addition, radioiodination did not significantly alter the biological activity of the mouse brain inhibitor .
We also tested the ability of antisera to the mouse inhibitor to precipitate the biological activity of both the mouse and bovine brain preparations. Antisera to mouse BCSG were reacted with 2 or 4,ug (per final assay tube) of the bovine inhibitor for 8h at 40 C, followed by precipitation of the immunoglobulin G-inhibitor complexes with insolubilized Staphylococcus protein A.
The supernatant fluid, containing any unprecipitated inhibitor, was added to BHK-2 1 cells for protein synthesis inhibition assays. We determined the amount of inhibition to be expected (control) by reacting the anti-mouse BCSG sera with protein A first, to remove the immunoglobulin G. followed by addition of 2 or 4,ug of the bovine inhibitor to the post-centrifugation supernatant fluid. This immunoglobulin G-deficient serum containing bovine inhibitor was then incubated for 8 h at 4°C before addition to BHK-2 1 cells for protein synthesis inhibition assays ( Table 2 ). The control protein synthesis level for this assay was determined with supernatant fluids of protein A-precipitated antisera to which no inhibitor was added. Protein A alone did not precipitate the inhibitor . Similar experiments, in which antisera to the bovine inhibitor were reacted with 0.5-1 ,ug of mouse BCSG, demonstrated that the two inhibitors were indeed structurally related ( Table 2) .
As a qualitative measurement of the purification of the bovine inhibitor, we subjected fractions at various stages of purification to SDS/polyacrylamide-gel electrophoresis. Our initial attempts with standard fixation procedures, using acetic acid and methanol, followed by Coomassie Brilliant Blue staining, resulted primarily in blank gels. Analysis of the fixation procedure with radioiodinated samples showed that more than 99% of the sample had eluted from the gels during the fixation stages. Since we had successfully used glutaraldehyde fixation (Weston & Avrameas, 1971) to immobilize BCSG and increase their antigenicity in Balb/c mice, we decided to test the ability of glutaraldehdye to fix the glycopeptides in the gel before staining. Use of 1-2% glutaraldehyde greatly improved retention of the sample in the gel, and by adjusting the pH of the fixative solution to neutrality (decreasing the acetic acid concentration), we were able to retain greater than 90% of the original sample in the gels. The final fixation solution was 5% acetic acid, 20% methanol, 2% glutaraldehyde and 73% deionized water. However, Coomassie Blue staining of the gels electrophoresed with 25,pg of the Bio-Gel purified fraction resulted in five bands that were difficult to see and 10,g of UEA-I-purified inhibitor gave only two lightly-stained bands that could not be photographed (results not shown).
Since Coomassie Blue staining apparently was too insensitive for analyses of purified inhibitor, gels 1982 F (b) 1 Table 2 . Antigenic relatedness ofmouse and bovine brain growth-inhibitory glycopeptides (a) shows results for competitive radioimmunoassays. Anti-(mouse glycopeptide) BALB/c mouse serum, diluted 1:10, was reacted with either 30ng of radioiodinated (600c.p.m./ng) mouse glycopeptide in the presence of 0-60ng of bovine glycopeptide or with 20ng of radiolabelled mouse glycopeptide in the presence of 0-40ng of mouse preparation that was not radioiodinated. (b) shows results for biological activity. BALB/c mouse sera, diluted 1 :10, were reacted with mouse or bovine inhibitors for 8 h at 40 C and the antibody-antigen complexes were precipitated with insolubilized Staphylococcus protein A . The supernatant fluids, after centrifugation, were added to BHK-2 1 cells to measure the remaining protein synthesis inhibitory activity.
(a chloroform/methanol-extracted preparation; right lane, Bio-Gel-purified bovine inhibitor. Bands were visually detected by the silver staining procedure described previously. (b) shows UEA-I lectin affinity-purified bovine inhibitor radioiodinated and visually detected by radioautography. The numbers represent 10-3 x molecular weight.
were analysed by silver staining and autoradiography of radioiodinated material. The sensitive silver-staining procedure showed that the chloroform/methanol-extracted material electrophoresed under reducing conditions, contained over 100 bands (Fig. 6a, middle lane) , which was reduced to 9 or 10 major bands in the high-molecular-weight preparation obtained from the Bio-Gel columns (Fig.  6a, right-hand lane) . Either silver staining or autoradiography (Fig. 6b) of the UEA-I-purified inhibitor showed two bands of material migrating at molecular weights of approx. 18 000 and 16 000.
Discussion
Several lines of evidence indicate that the inhibitory molecules isolated from bovine brain are glycopeptides closely related to mouse BCSG. Both inhibitors can be isolated from cerebral cortex tissue using the same purification protocol (Fig. 3) ; both apparently contain fucose, since they bind the UEA-I lectin affinity columns and can be eluted by fucose, their biological activity can be destroyed by insolubilized proteinases, and both have A Icm.280 values that are typical of protein and glycoproteins. Both the mouse and the bovine (Fig. 4) glycopeptides are capable of completely arresting BHK-21 cell division in a reversible manner and the transformed pyBHK-2 1 cell is refractory in both protein synthesis and cell growth assays (Fig. 5) . In addition, both the mouse and bovine glycopeptide inhibitors appear to synchronize BHK-21 cells in late S or G2 of the cell cycle, reduce protein synthesis without influencing uptake of radiolabelled precursors and efficiently act in complete culture medium, even in the presence of foetal-calf serum. The only notable difference between these two substances is that the UEA-I-purified bovine inhibitor, at 5 x 106 molecules per cell, gives an inhibition that is mediated by only 3 x 105 molecules per cell of mouse BCSG. However, this simply may be a reflection of the relative degree of purification at this stage or the evolutionary distance between the bovine and hamster species. More importantly, the two inhibitors do influence BHK-21 cell metabolism and growth and the present study did show a possible structural similarity. Competitive radioimmunoassays illustrated that radiolabelled bovine and mouse UEA-I-purified glycopeptides had a strong cross-reactivity and immunoadsorption studies documented that the biologically active molecules were structurally related (Table 2) . This is the first report in which we present SDS/polyacrylamide-gel-electrophoretic analyses of either the mouse or bovine inhibitors. Previous attempts to stain the gels were generally unsuccessful or, at best, disappointing. A review of the literature suggested that others have had difficulties before with some glycoproteins and that standard fixation procedures, adequate for most macromolecules, might have been the basis of our problem (Dahlberg et al., 1969; Green et al., 1973; Jakoi & Marchase, 1979) . By using radioiodinated bovine inhibitor we found that adequate fixation could only be accomplished by adjusting the pH of the fixation solution and cross-linking the inhibitory material to the acrylamide with glutaraldehyde to prevent elution of the glycopeptides from the gel and the use of a sensitive silver-staining procedure (Fig. 6) .
Although the high-molecular-weight inhibitor eluted from Bio-Gel columns at a molecular weight of 45000, electrophoresis under reducing conditions gave a major band at mol.wt. 18000 and a minor band at mol.wt. 16000. It therefore seems possible that the biological inhibitor has a subunit structure or that the higher molecular weight estimated by gel filtration may reflect intermolecular aggregation.
Our ability to mobilize antibodies in Balb/c mice, to both the mouse and bovine glycopeptide inhibitors, opens the possibility of producing monoclonal antibodies to the biologically active material. The use of monoclonal antibodies, coupled with the ability to obtain substantial quantities of the inhibitor from bovine brain (Table 1) . should allow the isolation and characterization of the parent glycoproteins of these naturally occurring growth-regulating molecules.
